The absence of a fall in circulating progesterone levels has led to the concept that human labour is associated with 'functional progesterone withdrawal' caused through changes in the expression or function of progesterone receptor (PR). At the time of labour, the human uterus is heavily infiltrated with inflammatory cells, which release cytokines to create a 'myometrial inflammation' via NF-jB activation. The negative interaction between NF-jB and PR, may represent a mechanism to account for 'functional progesterone withdrawal' at term. Conversely, PR may act to inhibit NF-jB function and so play a role in inhibition of myometrial inflammation during pregnancy. To model this inter-relationship, we have used small interfering (si) RNA-mediated knock-down of PR in human pregnant myocytes and whole genome microarray analysis to identify genes regulated through PR. We then activated myometrial inflammation using IL-1b stimulation to determine the role of PR in myometrial inflammation regulation. Through PR-knock-down, we found that PR regulates gene networks involved in myometrial quiescence and extracellular matrix integrity. Activation of myometrial inflammation was found to antagonize PR-induced gene expression, of genes normally upregulated via PR. We found that PR does not play a role in repression of pro-inflammatory gene networks induced by IL-1b and that only MMP10 was significantly regulated in opposite directions by IL-1b and PR. We conclude that progesterone acting through PR does not generally inhibit myometrial inflammation. Activation of myometrial inflammation does cause 'functional progesterone withdrawal' but only in the context of genes normally upregulated via PR.
Introduction
Progesterone is considered to play a major role in the maintenance of pregnancy. In 1956 Csapo proposed that the essential role of progesterone in pregnancy is to 'block' myometrial contractility and that the onset of labour therefore requires withdrawal of this progesterone block. In the majority of mammals labour is preceded by a decline in circulating progesterone concentrations, however, in the human, there is no dramatic fall in progesterone concentrations prior to labour, yet parturition can be induced using progesterone antagonists. This has led to the concept that, in the human, labour is associated with 'functional progesterone withdrawal' caused through changes in the expression or function of PR rather than through changes in circulating concentrations of progesterone [1, 2] .
The genomic effects of progesterone upon target tissues are generally mediated through nuclear PR. The major PR isoforms, PR-A and PR-B, are encoded from a single gene by differential promoter usage. PR-A, a 94 kD protein, lacks the first N-terminal 164 amino acids of PR-B, which is a 116 kD protein with an additional activation function (AF-3) [1, 2] . In myometrial cells, PR-A has limited transactivation properties at classical progesterone response elements and has been shown to transrepress PR-B and other class I nuclear receptor family members [3, 4] . The PR gene also contains additional putative downstream translational start sites predicted to encode proteins of approximately 60-70 and 39 kD respectively. A 60 kD PR variant found in T47D cells has been termed PR-C. This contains a ligandbinding domain, but lacks a DNA binding domain and has been reported to be cytosolic rather than nuclear [5] .
A current theory for the mechanism of 'functional progesterone withdrawal' in human myometrium involves a change in the abundance of PR isoforms, leading to a decrease in the ratio of PR-B to PR-A and/or PR-C [1, 2, 4] . Other proposed mechanisms include a decline in the myometrial levels of PR coactivators at term [6] , and a decrease in the circulating concentration of bioactive progesterone metabolites associated with decreased steroid 5 beta-reductase expression in the uterus [7] .
A further potential mechanism for 'functional progesterone withdrawal' in the human involves the transcriptional antagonism between the activated PR and inflammatory signal intermediates, especially the inflammation-associated transcription factor NF-kappaB (NF-jB). A central role for NF-jB in murine parturition has been demonstrated [8] . Nuclear translocation of the p50 and p65 subunits of NF-jB increases in the pregnant mouse uterus towards term and intra-amniotic injection of the NF-jB inhibitor peptide SN50 delays in the onset of labour. Surfactant protein-A (SP-A), secreted by the maturing foetus lung in increasing amounts towards term, was shown to enhance p65 nuclear levels and to induce labour. It has been proposed that SP-A triggers the onset of labour at term by inducing the migration of macrophages to the maternal uterus, where local inflammatory signals activate NF-jB signalling in myocytes, resulting in the stimulation of uterine contractility. Direct protein-protein interaction between p65 and PR, resulting in reciprocal functional antagonism, has been demonstrated in breast cancer cells [9] , and may also operate in uterine cells [10, 11] .
Activation of myometrial inflammation, or more specificially of the NF-jB pathway in the myometrium appears to be an attractive mechanism to account for 'functional progesterone withdrawal' at term. However, the functional consequences of the interaction between PR and NF-jB on myometrial gene expression in pregnancy has not yet been determined. We have therefore combined small interfering (si) RNA-mediated knock-down of PR in human term pregnant myocytes with whole genome microarray analysis to identify those genes regulated by activated PR. We then used IL-1b stimulation, which activates NF-jB and induces myometrial inflammation, to determine the role of PR in the transcriptional regulation of myometrial inflammation.
Materials and methods

Tissue collection and cell culture
Tissue was collected with local ethics committee approval and informed consent from patients at Queen Charlotte's and Chelsea Hospital, London. Myometrial tissue was obtained from the upper edge of lower uterine incision, made at the location of the bladder fold at the time of Caesarean section. Elective caesarean section was performed in each case at or after 39 weeks in uncomplicated pregnancies. Indications were breech presentation and previous caesarean section. Myometrial tissue was minced and digested for 45 min. in DMEM with 1 mg/ml collagenase type IA and IX (Sigma-Aldrich Company Ltd, Poole, UK). Cells were centrifuged at 400 9 g for 10 min. and grown in DMEM with 10% foetal calf serum, L-glutamine and penicillin-streptomycin (37°C and 5% CO 2 ) . Cells (passage number 3 or 4) were incubated with 100nM medroxyprogesterone acetate (MPA) in 2% reduced serum for 24 hrs before IL-1b (R&D Systems, Europe Ltd., Abingdon, UK) was added to a final concentration of 1 ng/ml for 6 hrs. To confirm that the cells established in our cultures are myocytes and not fibroblasts or epithelial cells, we undertook Western analysis for alpha-smooth-muscle actin, and oxytocin receptor and found no significant changes in expression between passages 0-4 ( Fig. 1A) .
Transfection of siRNA
ON-TARGETplus SMART pool human RNA (Dharmacon, Lafayette, CO, USA) was used to knock-down PR. SiGLO (Dharmacon) was used as a positive control, giving a high transfection efficiency of approximately 90%, and ON-TARGETplus Non-Targeting Pool (Dharmacon) was used as a negative control. The siRNAs were transfected using Dharmafect 2 (Dharmacon) transfection reagent at a final concentration of 20 lM according to manufacturer's instructions.
Protein extraction
Myocytes were scraped into buffer A [10 mM HEPES pH 7.4, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, complete protease inhibitor tablets (Roche, Welwyn Garden City, UK) and 2 M KOH to adjust pH to 7.4]. The resulting suspension was collected and incubated on ice for 20 min. To the incubated mixture, NP-40 (Nonidet P-40, Sigma-Aldrich Company Ltd) was added to give a final concentration of 1% and carefully mixed. The cytosolic protein fraction was extracted by centrifuging at 13,000 9 g for 30 sec. The pellet was then resuspended in buffer B (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 400 mM NaCl, 1% NP-40) and complete protease inhibitor tablets (Roche) to lyse the nuclear membrane. Samples were incubated on a shaking platform for 15 min. Cell suspensions were centrifuged at 13,000 9 g for 5 min. and supernatant (nuclear protein fraction) was collected, snap-frozen and stored at À80°C for later use.
Western blot analysis
A quantity of 50lg protein samples were mixed with Laemmli sample buffer (1:1) containing beta-mercaptoethanol (5%), and boiled for 5 min. Protein was separated by SDS-PAGE gels and transferred onto nitrocellulose membrane (Amersham Biosciences, Amersham, UK). The membrane was blocked in buffer containing 5% milk powder, PBS and 0.1% Tween 20 for 30 min., and immunoblotted with primary antibody for 1 hr in 1% milk buffer followed by secondary antibody for 45 min. Horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Heidelberg, Germany) was used with ECL Plus (Amersham Biosciences) chemiluminescent reagents for signal detection. Antibodies used were PR Novocastra NCL-L-PGR-312 (Novocastra Laboratories Ltd, Newcastle upon Tyne, UK) OTR Santa Cruz SC-8102, alpha smooth muscle actin Sigma A2547, GAPDH Millipore MAB374, Millipore, Watford, UK, beta actin Abcam ab8226 (Abcam, Cambridge, UK) and NFkB pp65 Serine 536 Cell Signalling 3033S (Cell Signaling Technology, New England Biolabs, Hitchin, UK). Fig. 1 (A) Expression of oxytocin receptor (OTR), alpha-smooth muscle actin (aSMA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) at passage numbers zero through four. (B) Expression of PRB and PRA measured by Western analysis in cultured human myocytes in non-transfected (control), non-targeting siRNA transfected (NT) and PR targeting siRNA transfected (siPR) cells. Blots were scanned for densitometric analysis, values were normalized for GAPDH and are expressed as arbitrary units. One example blot is shown. Graphs n = 6 ± S.E., *P < 0.05 compared with control. (C) Expression of PRB and PRA and of Ser536-P-p65 (NF-kappaB p65) measured by Western analysis in cultured human myocytes in controls incubated with MPA (100 nM) (control) and following incubation with MPA (100 nM) and IL1B (1 ng/ml) for up to 24 hrs. Blots were scanned for densitometric analysis, values were normalized for GAPDH and are expressed as arbitrary units. One example blot is shown. Graphs n = 4 ± S. E. *P < 0.05 compared with control. (D) Validation experiments measuring expression of selected genes in myocytes in culture following siRNA knock-down of PR (siPR N/S), incubation with and without IL1B (1 ng/ml) (NT + IL1B), or both together (siPR + IL1B), compared with non-targeting siRNA transfected (NT) control. Black bars show qRT-PCR validation data (n = 4 ± S.E. *P < 0.05 compared with control). Grey bars show data from microarray for comparison.
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RNA extraction
Total RNAs were isolated using Trizol (Invitrogen, Paisley, UK) according to the manufacturer's protocol and further purified using the RNeasy mini Kit (QIAGEN, Crawley, UK). RNA integrity and purity were assessed using a Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara, CA, USA).
Quantitative real time polymerase chain reaction (RTQ-PCR)
Total RNA 1 lg was reverse transcribed with oligo dT random primers using MuLV reverse transcriptase (Applied Biosystems Ltd, Carlsbad, CA, USA). Paired oligonucleotide primers for amplification of genes of interest were designed using Primer 3 software (www.ncbi.nlm.nih.gov/tools/primerblast/) against the sequences downloaded from GenBank. The primer sets used ( Table 1 ) produced amplicons of the expected size and where possible flanked intron/exon junctions. Quantitative PCR was performed using Power SYBR Green PCR master mix (Applied Biosystems Ltd.,) and amplicon yield was monitored during cycling in a RotorGene Sequence Detector (Corbett Research Ltd.) that continually measures fluorescence caused by the binding of the dye to double-stranded DNA. Pre-PCR cycle was 10 min. at 95°C followed by up to 45 cycles of 95°C for 20 sec., 58-60°C for 20 sec. and 72°Cfor 20 sec. followed by an extension at 72°C for 15 sec. The final procedure involves a melt over the temperature range of 72-99°C rising by 1 degree steps with a wait for 15 sec. on the first step followed by a wait of 5 sec. for each subsequent step. The cycle at which the fluorescence reached a preset threshold (cycle threshold) was used for quantitative analyses. The cycle threshold in each assay was set at a level where the exponential increase in amplicon abundance was approximately parallel between all samples. mRNA data were expressed relative to the amount of the constitutively expressed housekeeping gene, GAPDH.
Affymetrix HgU133 Plus 2.0 array processing RNA Samples were profiled by the Finnish DNA-Microarray Centre using the Affymetrix HgU133 Plus 2.0 GeneChip ® (Affymetrix Inc., Santa Clara, CA, USA). Briefly, cDNA was generated from 2 lg of total RNA using the GeneChip ® Expression 3′-Amplification One-Cycle cDNA Synthesis kit, in conjunction with the GeneChip ® Eukaryotic PolyA RNA Control Kit (Affymetrix Inc.). The cDNA was cleaned up using the GeneChip ® Sample Cleanup Module and subsequently processed to generate biotin-labelled cRNA using the GeneChip ® Expression 3′-Amplification IVT Labelling Kit (Affymetrix Inc.). A quantity of 25 lg of labelled cRNA was fragmented using 5X fragmentation buffer and Rnase-free water at 94°C for 35 min. A quqntity of 15 lg of the fragmented, biotin-labelled cRNA was made up in a hybridization cocktail and hybridized to the HgU133 Plus 2.0 array at 45°C for 16 h. Following hybridization the arrays were washed and stained using the Affymetrix Fluidics Station 450 and scanned using the Affymetrix GeneChip ® Scanner 3000. All steps of the process were quality controlled by measuring yield (lg), concentration (lg/l) and 260:280 ratios via spectrophotometry using the Nanodrop ND-1000 and sample integrity using the Agilent 2100 bioanalyser (Agilent Technologies Inc.).
Results
PR regulates gene networks involved in myometrial quiescence and extracellular matrix integrity
To identify genes regulated in human myometrium by liganded PR, primary myocyte cultures were transfected with siRNA targeting PR or non-targeting control siRNA, and then incubated with medroxyprogesterone acetate (MPA; 100 nM) for 24 hrs. Cells were lysed, mRNA extracted and subjected to genome-wide expression profiling using Affymetrix HgU133 Plus 2.0 GeneChip ® (Affymetrix Inc.). Targeting PR using siRNA resulted in greater than 80% knock-down of PR-B and PR-A expression at protein level on Western analysis (Fig. 1B) .
The microarray data were filtered for significant changes in expression (P < 0.05 after correction for multiple testing). Overall, 354 probe sets showed a significant change in expression upon PRknock-down. Of these, 150 probes sets were increased and 204 decreased. When unannotated sequences and duplicate probe sets were eliminated, 159 (57%) and 118 (43%) unique gene sequences were increased and decreased, respectively, upon knock-down of PR. A total of 44 genes were ! 2-fold downregulated, of which only 11 transcripts were inhibited by ! 3-fold ( Table 2 ). As PR-knock-down decreased the expression of these genes, they represent genes upregulated in a PR-dependent manner.
Of the 159 genes upregulated in response to PR knock-down, 79 increased by ! 2-fold, including 24 that were induced ! 3-fold ( Table 3) . As PR silencing upregulated their expression, these genes represent transcriptional targets actively repressed by PR.
Ingenuity pathways analysis (IPA) showed that PR knock-down had the greatest effect on genes involved in cellular development, growth and proliferation. PR-induced genes were significantly enriched in two functional networks: (i) cellular development, growth proliferation and death (score 17 focus molecules 12); and (ii) cellular development, growth and proliferation, DNA replication, recombination and repair (score 15 focus molecules 11). Conversely, genes repressed by PR were significantly involved in three networks: (i) cell to cell signalling, inflammatory response, cellular movement (Score 21 focus molecules 15); (ii) cancer, cellular development, haematological system development (score 17, focus molecules 13); and (iii) skeletal muscular system development and function (score 15 focus molecules 12).
To explore the interactions between inflammatory signals and PR, myocytes in culture were incubated for 96 hrs with PR specific siRNA or non-targeting control siRNA, and then treated with MPA for a further 24 hrs. In the last 6 hrs of culture, cells were incubated with IL1b (1 ng/ml) or vehicle control. We then compared the gene expression profiles of cells incubated with and without IL-1b in the absence of PR knock-down, i.e. transfected with non-targeting siRNA and in the presence of PR knock-down.
IL-1b activates myometrial inflammation
In cells exposed to non-targetting siRNA, IL-1b significantly regulated 5160 probe sets (P < 0.05 with correction for multiple testing). Upon elimination of unannotated sequences and duplicate probe sets, 1440 (57%) and 1892 (43%) unique gene sequences were found to be upand downregulated respectively. The expression of two genes, CXCL2 and CXCL3, increased in excess of a 1000-fold. An additional 14 genes, mostly inflammatory in action, increased in expression ! 100-fold and 40 additional genes between 99-and 20-fold (Table 4 ). Of the 1892 repressed genes, 465 were inhibited ! 2-fold, which included 127 and 46 transcripts regulated ! 3 and 5-fold respectively (Table 5 ). The two probes complementary to PR mRNA on the array showed a 1.6-and 4.8-fold reduction in total PR transcript levels in response to IL-1b stimulation (P < 0.0002). As anticipated, IPA confirmed that IL-1b signalling has the greatest effect on gene networks involved in inflammation, immunity, anti-microbial response and NF-jB signalling.
IL-1b inhibits PR expression and microarray validation
The array analysis indicated that IL-1b inhibits PR expression in human myocytes. To validate the array, we performed Western analysis to examine the regulation of PR upon MPA and IL-1b stimulation in four independent primary myocyte cultures. IL-1b caused a significant reduction in the expression of both PR-B and PR-A upon 6 and 24 hrs of stimulation (Fig. 1C) . This was associated with increased phosphorylation of p65, reflecting NF-jB activation, which peaked at 15 min., but persisted after 6 and 24 hrs (Fig. 1B) . We further validated a set of selected genes regulated in a PR-and/or IL-1b-dependent manner by RTQ-PCR. These were selected arbitrarily in three groups: genes upregulated by both PR-knock-down and IL-1b stimulation; MMP1, MMP3, MMP10: genes upregulated by PR-knockdown; COLEC12, STMN2, SCRA3, RXFP1; and genes downregulated by PR-knock-down THBS1, KCNJ2, COL12A1 and TRPC6 (Fig. 1D ). For these genes, the pattern of expression measured by RTQ-PCR analysis was in keeping with the array data.
Activation of myometrial inflammation antagonizes PR-induced gene expression
We next tested if inflammatory signal intermediates, activated by IL1b, repress PR-dependent gene expression in human myocytes. If activation of myometrial inflammation causes 'functional progesterone withdrawal', then it would be expected that IL-1b stimulation would have similar effects on PR-dependent gene expression as knock-down of the receptor. We therefore cross-referenced the effects of IL-1b on the expression of the 279 unique genes regulated upon PR-knock-down. Although we found a significant positive correlation between the overall effect of PR silencing on myometrial gene expression and IL-1b stimulation this correlation was weak ( Fig. 2A , Pearson's r = 0.4288, 95% confidence interval: 0.33-0.52, P < 0.0001).
We then focused on those genes whose expression was repressed by PR knock-down, thus induced in a PR-dependent fashion. This showed a correlation with IL-1b-dependent gene expression (Fig. 2B , Pearson's r = 0.4420, 95% confidence interval: 0.28-0.58; P < 0.0001). The correlation became stronger if the analysis was confined to those genes repressed ! 2-fold upon PR knock-down (Pearson's r = 0.52, 95% confidence interval 0.27-0.7, P < 0.003; data not shown).
Heatmapping (Fig. 2B ) demonstrated a clear cassette of genes whose expression was repressed by PR knock-down (thus induced in ª 2012 The Authors Table 2 Unique genes whose expression was decreased by PR-knock-down, and whose expression is therefore upregulated by PR in the presence of progesterone. 44 genes showed changes in expression of 2-fold or more. 11 genes showed changes in expression of 3-fold or more. In each case n = 4, P < 0.0005, Adjusted P < 0.05) a PR-dependent fashion), and also repressed by IL-1b which are therefore co-regulated. If adjustment is made for multiple comparisons then 42 of 118 genes (22%) repressed by PR knock-down were also significantly repressed by IL-1b (at P < 0.05). However, a further 19 genes were also repressed by IL-1b at P < 0.05 where single testing only was taken into account making a total of 61 of 188 genes (32%). When those genes were analysed whose expression increased upon PR knockdown (i.e. inhibited by PR), the correlation with the IL1b-dependent transcriptional response, although still significant was very weak (Fig. 2C , Pearson's r = 0.35, 95% confidence interval: 0.2 -0.48, P < 0.0001) and was entirely dependent upon the strong induction of a single gene, MMP10, in response to IL-1b and upon PR-knock-down. Omitting MMP10 from the analysis indicated that IL-1b-dependent activation of myometrial inflammation has no significant effect on the ability of PR to repress specific gene sets (P = 0.57).
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PR does not repress pro-inflammatory gene networks induced by IL-1b
We next hypothesized that PR, liganded or not, may serve to repress inflammatory genes in otherwise unstimulated myocytes. If so, PR silencing in the absence of inflammatory stimulation should be sufficient to regulate genes which are inducible by IL-1b. Alternatively, it is possible that PR only confers transcriptional repression of genes involved in myometrial inflammation upon exposure to inflammatory cues. If this hypothesis holds true then PR knock-down should further increase the expression of genes induced by IL-1b treatment.
To explore the first hypothesis, we correlated the effect of PR knock-down in unstimulated myocytes on expression of genes which would be activated upon IL-1b treatment. No correlation was found (Fig. 2D) . Of 1440 genes induced by IL-1b in human myocytes, PR silencing significantly increased the expression of only 36 (0.025%) genes, and just 15 of these by ! 2-fold. We then explored the second hypothesis, but again no correlation was found (Fig. 2E) . PR-knockdown failed to significantly augment the vast majority of genes induced by IL-1b stimulation. The expression of only 39 (0.027%) of 1440 IL-1b-induced genes was significantly enhanced upon prior PR silencing, with transcript levels of merely 22 of these upregulated by ! 2-fold.
In the absence of a 'global' anti-inflammatory role for PR, we speculated that this nuclear receptor may still be important for the repression of a discrete cassette of genes encoding key inflammatory mediators. We therefore focussed on those IL-1b upregulated genes whose expression increases upon PR silencing in both stimulated and unstimulated cells. Only seven such genes were identified from the microarray analysis (Table 6) . Furthermore, for all but one gene, MMP10, the increase caused by IL-1b alone and additional increase in transcript levels caused by PR knock-down in the presence or absence of IL-1b was modest, albeit significant. One gene, MMP1, showed a similar pattern of expression to MMP10, but on the microarray analysis whilst the effect of IL-1b, and PR knock-down in the presence of IL-1b was significant, the effect of PR knock-down alone was significant for single testing but not when multiple testing was taken into account. We selected this gene for independent validation studies and found that, in those studies using qRT-PCR, the effects of IL-1b, PR knock-down alone and PR knock-down in the presence of IL-1b were all significant (Fig. 1D) . 
Discussion
Understanding the mechanism of the onset of human parturition is critical for the design of strategies to predict and prevent preterm birth. However, this requires more than simply understanding the mechanisms of contractions. Although a range of drugs is available which are intended to inhibit uterine contractions their clinical effectiveness is disappointing. The 'tocolytic' reactive management of preterm labour is giving way to a strategy based upon prediction and prevention, however, the only agent which currently shows promise in preventing the onset of preterm labour is progesterone. Progesterone appears to be effective in some woman at high risk of preterm birth with a singleton pregnancy, but does not reduce the risk of prematurity in multiple pregnancy [12] . Further development of progestational agents and similar drugs for this indication requires a better understanding of the function of progesterone and its receptor within the uterus.
We have modelled PR-mediated functional progesterone withdrawal by using siRNA knock-down of PR in the presence of a synthetic progesterone. Comparisons were made between siRNA/PR and control always in the presence of synthetic progesterone. We did not compare gene expression between cells in the presence or absence of progesterone as there is no withdrawal of progesterone in association with human labour and therefore, in vivo, there is always PR ligand present. We have used MPA rather than natural progesterone because of its greater long-term stability in culture. MPA has been reported to have glucocorticoid receptor activity [13] , but we have found that this also applies to natural progesterone [14] . Use of siR-NA requires the use of passaged cells in culture, as it is not possible to obtain sufficient cells numbers for experimental purposes without passage. Such models are widely used in investigation of myometrial cell function, however, they do risk the possibility that cultures become enriched for rapidly dividing fibroblast cells and there is loss of the extracellular matrix integrity and cell-matrix interaction of the intact tissue. We have confirmed that our cell cultures after passage and MPA incubation are alpha-actin and oxytocin receptor positive and that expression of PR and the PR-A:PR-B ratio is similar to that seen in fresh myometrial tissue. A caveat to this, however, is that we have found some patient to patient variability in PR-A:PR-B ratio in both myometrial tissue taken at pre-labour caesarean section and subsequent cell culture which may be dependent upon how close the individual woman is to the onset of labour.
Progesterone is widely thought to act principally to repress contractions through repressing 'contraction-associated proteins'. However, it is now clear that progesterone plays a more complex role in myometrial physiology during pregnancy. In the rat, progesterone is involved in phenotypic modulation of myocytes during the synthetic phase of myometrial differentiation in the last third of pregnancy during which there is myometrial hypertrophy and synthesis and deposition of interstitial matrix [15] . We found that in human myocytes PR regulates a relatively small number of genes. We did not see significant down-regulation of classic 'contraction-associated proteins' by PR. The major effect of PR upon gene expression was upon genes concerned with cellular development, growth and proliferation. PR also highly upregulates two ion channels; transient receptor potential canonical-6 (TRPC-6) and the inward-rectifier potassium ion channel KCNJ2. TRPC channels in general mediate store-operated calcium entry. Expression of TrpC1, TrpC3, TrpC4 and TrpC6 has been demonstrated in human myometrium [16] . Tonic stretch co-regulates calcium entry pathways and TRPC3 and TRPC4 expression suggesting that these receptors play a role in increasing contractility [17] . Trp6, however, differs in that it mediates non-store operated calcium entry and TrpC6 has been shown to play an essential role in cellular proliferation in a range of cell types [18, 19] .
Fibronectin leucine rich transmembrane protein-3 (FLRT-3), and thrombospondin 1 (THBS1) were found to be highly upregulated by PR whilst matrix metallopeptidase 10 (MMP-10) was highly repressed. FLRT3 is a member of the fibronectin leucine rich transmembrane protein family which play important roles in cell matrix adhesion. THBS1 is an adhesive glycoprotein which binds fibrinogen, fibronectin, laminin, collagen and integrins and also mediates cell-tomatrix interactions. MMP-10 is a member of the matrix metalloproteinase family which is involved in the breakdown of extracellular matrix. Collectively, these data point to a role for PR regulated genes in the synthesis and maintenance of interstitial matrix in the human. PR therefore probably acts during pregnancy more to regulate the growth and development of the uterus than to directly inhibit contractions, which is consistent with progesterone having efficacy as a prophylactic agent, but not as a tocolytic agent.
Our principal purpose was to shed light on the inter-relationship between PR and the myometrial inflammation. Parturition can be thought of, at least in part, as inflammatory in nature as it is associated with upregulation of prostaglandin, cytokine and chemokine synthesis with the uterus and with an influx of macrophages and lymphocytes into the myometrium and cervix [20] . Although the Table 4 Unique genes whose expression was increased 20-fold or more by interleukin 1-beta. (In each case n = 4, P < 0.0005, Adjusted P < 0.05) inflammatory cell infiltrate may be a source of cytokines within the labouring uterus it is clear that myometrium itself is a major source of inflammatory mediators [21] . IL-1b concentrations rise within the uterus in association with both term and preterm labour [22] . We activated myometrial inflammation by incubation with IL-1b which activates both NF-jB and AP-1 leading to upregulation of a wide variety of inflammatory genes which have been shown to be associated with parturition [23, 24] . As would be expected we found that IL-1b increased expression of genes involved in immunity, inflammation, anti-microbial response and NF-jB signalling. Seminal studies of the endocrinology of parturition in sheep and rodent models suggested that progesterone withdrawal is an early initiating factor leading to subsequent upregulation of 'inflammatory' type mediators, most importantly prostaglandins. This would suggest that progesterone acts to inhibit the inflammatory biochemistry of parturition. One hypothesis of the mechanism of human parturition suggests that the activation of inflammation occurs late in the process of parturition and that its principal role is the involution of the uterus following delivery. However, there is growing evidence that inflammation is an early initiating event in human parturition which begins before the onset of contractions. Activation of NF-jB within the uterus appears to play an important role in the onset of labour, and in the myometrium principally regulates a group of immune/ inflammation associated genes [8, 21, 25] .
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Condon et al.
[5] have shown no activation of NF-jB in myometrium in the third trimester of pregnancy remote from the onset of labour. However, in a study in which we compared tissue samples from women taken either before or after labour at term we found that that NF-jB is active in myocytes in both the upper and lower segment of the uterus prior to the onset of labour at term [21] . This, taken together with data which shows that inhibition of NF-jB in the mouse prevents normal term labour [8] suggest that NF-jB begins to be activated in myometrium close to, but prior to, the onset of labour at term. This concept is supported by the results of mathematical modelling studies [26] , which explored three main hypotheses for the activation of the human uterus at labour: functional progesterone withdrawal; inflammatory stimulation; and oxytocin receptor activation. These were modelled using gene expression data in pre-labour myometrial samples using directed graphs. It was found that inflammatory activation as a primary event in parturition was highly likely, progesterone withdrawal, as a primary event, was less likely but plausible, and that oxytocin receptor mediated initiation was unlikely.
We considered three non-mutually exclusive hypotheses concerning the interaction between inflammation and PR in myocytes. These were that inflammation acts to repress the function of PR; that liganded PR acts to repress basal expression of inflammatory mediators; or that liganded PR acts to repress stimulated expression of inflammatory mediators in myocytes. Our data shows that activation of inflammation does act to inhibit PR function, but, in general only in relation to genes which are upregulated, not downregulated by PR. Specifically, we identified a cassette of genes, representing some 20-30% of genes upregulated via PR that are downregulated by activation of inflammation. This is possibly a consequence of the different ways in which PR interacts with cofactors and the promoters of genes which are either up-or downregulated. There was, however, no general anti-inflammatory effect of activated PR either upon basal or stimulated expression of inflammatory mediators. We identified a few genes which were oppositely regulated by inflammation or PR, most significantly the matrix-metalloproteinases, MMP10 and MMP3, but not cytokines, chemokines or 'contraction-associated proteins'. The genes neuron navigator 2, hepatocyte growth factor, squalene epoxidase, ABI family, 3 (NESH) binding protein and xylosyltransferase I were each found to be oppositely regulated by inflammation or PR, but the overall effect of either IL-1b or PR-knock-down was very small when compared with those effects in relation to MMP1 or MMP10. It is doubtful that the opposite regulation of these six genes by inflammation or PR is of significance in the context of parturition. Interestingly, although progesterone has been shown to inhibit IL-1b stimulated expression of prostaglandin-endoperoxide synthase type-2 and interleukin-8 in human myocytes, uterine fibroblasts and amnion cells [11, 27] in the current study PRknock-down did not enhance the IL-1b stimulated expression of either of these genes suggesting that the effect of progesterone in this context is not mediated via PR. Progesterone itself may nevertheless have a greater anti-inflammatory role within the uterus, but mediated through receptors other than PR [14] .
Our data are consistent with activation of inflammation being a significant mediator of functional-progesterone withdrawal in the context of the PR mediated action of progesterone. There are several mechanisms, which may act together, by which inflammation may repress PR function. In the present study, we found that IL- 1b caused a significant downregulation in expression of PR itself although not a change in the ratio of PR-B to PR-A. Mesiano et al. [1, 2] have suggested that it is a change in the ratio of the PR-B to PR-A isoforms of PR which leads to functional-progesterone withdrawal and have shown that this may be mediated by increased prostaglandin synthesis. As would be expected, we found that incubation with IL-1b leads to a large increase in prostaglandin-endoperoxide synthase type-2 expression. However, it is unlikely that inhibition of PR synthesis is the sole mechanism since at the 6-hr time point examined PR expression had reduced by only one-third. Furthermore, the effect of IL-1b upon PR regulated genes was only upon those upregulated, suggesting a mechanism other than simple receptor withdrawal. That it is likely that NF-jB is activated within the uterus early in the biochemical ª 2012 The Authorsevents of labour suggests that the negative interaction between NF-jB p65 and PR may also represent an important mechanism of functional-progesterone withdrawal. Activation of NF-jB leads to increased synthesis of its own p65 (RelA) subunit and to increased synthesis of IL-1b and so to a positive feed forward loop in which there is both synthesis and activation (phosphorylation) of p65 and therefore repression of PR. Our data supports inhibition of PR by inflammation in general, or NF-jB specifically, but suggests that the negative interaction between NF-jB p65 and PR does not function in myometrium in the opposite direction as we found no evidence of PR acting to repress NF-jB regulated genes. Much of what is currently known about the endocrinology and biochemistry of parturition has come from animal models, however, human parturition is unusual in that circulating progesterone levels do not fall until after delivery [2] . Ethical considerations mostly limit in vivo experiments in humans to observations. Studies involving manipulation of endocrine or inflammatory factors in humans are very difficult to undertake in vivo and so need to be modelled in vitro. Inevitably, no model can take into account all of the complex endocrine, paracrine and mechanical factors which interact in the uterus in vivo. The model that we developed for this study was made as simple as possible to answer our key questions: what are the genes regulated by PR in the myocyte in the presence of progesterone and how does PR-function and inflammation interact. Overall the data that we present here support the concept that progesterone acts through PR in human myocytes to mediate cellular development, growth and proliferation and maintain the interstitial matrix, but that progesterone does not play a significant anti-inflammatory role via PR. Conversely inflammation does act to generally inhibit expression of genes which are upregulated by PR. This is consistent with a hypothesis for the mechanism of human parturition in which activation of inflammatory mediators, likely through activation of NF-jB, is an early event preceding 'functional progesterone withdrawal'.
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